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Direct detection of dark matter: scales
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Direct detection of dark matter: scales

N LN X
- AN @ Hadronic scale: nucleons and pions
< effective interaction Hamiltonian H,
N T X
@ Nuclear scale: (NV|H,|N)

Anucloi

— nuclear wave function
@ Typical WIMP-nucleon momentum transfer

|Gmax| = 2pinry [Vrel| ~ 200MeV  |Vie| ~107°  jipry ~ 100 GeV

@ QCD constraints: spontaneous breaking of chiral symmetry

= Chiral effective field theory for WIMP-nucleon scattering

Prézeau et al. 2003, Cirigliano et al. 2012, 2013, Menéndez et al. 2012, Klos et al. 2013, MH et al. 2015
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Chiral EFT: a modern approach to nuclear forces

@ Traditionally: meson-exchange N foree foree Meree
potentials Lo >< H - -
@ Chiral effective field theory wo W B — —
o .
o EEL MO -
@ Low-energy constants >< H ,H H = } N (
™ Hiera.rchy of multi-nucleon forces NLo H H + H LH IH IX HH H‘H
@ Consistency of NN and 3N

Figure taken from 1011.1343
— modern theory of nuclear forces

@ Long-range part related to \\ N

pion-nucleon scattering Y e @ ---
e

@ «iTp: tutorial Epelbaum, Nuclear EFTs —

the crux of the matter Birse, Epelbaum
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Chiral EFT: currents

@ Coupling to external sources £(V,, a,, s, p) ——
@ Same LECs appear in axial current
— B3 decay, neutrino interactions, dark matter \\ /,’
@ Vast literature for v, and a,., up to one-loop level _“/_
@ With unitary transformations: Kalling et al. 2009, 2011, Krebs et al. to
appear _

@ Without unitary transformations: Pastore et al. 2008, Park et al. 2003, I

Baroni et al. 2015 _._

@ For dark matter further currents: s, p, tensor, spin-2, 64, X
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Vector current in chiral EFT: deuteron form factors, ma
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Axial-vector current in chiral EFT: v-less double 5 decay

L1 ‘

GT(1b+2bY/g,

P P P .
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p [MeV]

0.5
Menéndez, Gazit, Schwenk 2011

@ Normal ordering over Fermi sea = effective one-body currents
@ Two-body currents contribute to quenching of g4 in Gamov—Teller operator

gaoT

Santa Barbara, September 19, 2016
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Direct detection and chiral EFT

‘ > (a) () (0) (d)

@ Expansion around chiral limit of QCD
— simultaneous expansion in momenta and quark masses

@ Three classes of corrections:

@ Subleading one-body responses (&) Fan et al. 2010, Fitzpatrick et al. 2012, Anand et al. 2013
@ Radius corrections (b)
9 Two-body currents (c), (d)
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Chiral counting

@ Starting point: effective WIMP Lagrangian Goodman et al. 2010
£y = 5 37 [C5%x mata + O inex e + O Xx malineq + CfF Sinsx malinsd]
7
+ % > {Cc‘,/vfw“x Gvuq + CL %y 15X G1uq + C) XY™ X Gvuvsq + CLRy v 57%75(1]
7
+ 35 [Onvasr, 007]
@ Chiral power counting
a=0(p), mg=0(p*) =0M2), a,v,=0(p), — =0(p?

— construction of effective Lagrangian for nucleon and pion fields

— organize in terms of chiral order v, M = O(p”)
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Chiral counting: summary

Nucleon v A Nucleon S P
WIMP t X t X WIMP
1b 0 142 2 0+2 1b 2 1
v 2b 4 2+2 2 442 S 2b 3 5
2b NLO — — 5 3+2 2b NLO — 4
1b 0+2 1 2+2 0 1b 2+2 142
A 2b 4+2 2 2+2 4 P 2b 3+2 5+2
2b NLO — — 5+2 3 2b NLO — 442

@ +2 from NR expansion of WIMP spinors, terms can be dropped if m, > my

@ Red: alltermsuptorv =3

) Two-body currents: AA Menéndez et al. 2012, Kios et al. 2013, SS Prézeau et al. 2003, Cirigliano et al. 2012,

but new currents in AV and VA channel 1503.04511
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Matching to nonrelativistic EFT

@ Operator basis in NREFT Fan et al. 2010, Fitzpatrick et al. 2012, Anand et al. 2013

0, =1 0, = (v1)2 Oy = i8Sy - (q x V&) 04 =Sy - Sy
Os5 = Sy - (q x v©) Og =Sy -qSy - q 07 =8y -v* Og =Sy v+
Og = i8Sy - (Sy x Q) O =iSy-q O =iSy - q

@ Matching to chiral EFT (fy, . ..: Wilson coefficients + nucleon form factors)
1
MiRm = Ot MR = Ogd () MRa = — s
X

1
VN VN
Osf) Nty + —— (tO4 + (96)f2 (1)

t 1

% V,N V,N
Mg =0 (f1 () + — (t))+m— —
N N

4m%l2
2
AV V,N V,N V,N,
MY = 205, (t)+m—Nog(f1 ty+1 (t))

1 2
AA N N VA N
M NR = —40494 (1) + =y Oggp(t)  Mi\R = { —207 + m—Og}hA(t)

N X

@ Conclusions
@ s, Os, and O44 do not appear at v = 3, not all ©; independent
@ 2b operators of similar or even greater importance than some of the 1b operators
@ Phenomenological implications: next talk by J. Menéndez
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Chiral counting in scalar channel

@ Leading pion—nucleon Lagrangian
= . . o+
LS,{, = Wi, (8" —iv") —mN-l—%A’YWS (2a“——,__ﬂ-) +-- } v

< no scalar source!

Nucleon S
WIMP

1b 2
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Chiral counting in scalar channel

@ Leading pion—nucleon Lagrangian
. . o+
) = [/'m(a“—/v") my+ 24 vms(2a“——,__“)+~-~}\ll

< no scalar source!

@ Scalar coupling Nucleon S
WIMP
= 3T CFSt 4 (NImgaqIN) = Y my
g=u,d,s 1b 2

— for g = u, d related to pion—nucleon o-term o,y
@ Chiral expansion

9gaM2 . 5g5M;
o

= —4cM2 — om?* =
Oxl CMr ~ Bar Fg+ (Mr) 2567 F2

O(M2)

— slow convergence
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Status of the phenomenological determination of o,y

@ Karlsruhe/Helsinki partial-wave analysis KH80 Hahler et al. 1980s
— comprehensive analyticity constraints, old data

@ Formalism for the extraction of o,y via the Cheng—Dashen low-energy theorem

Gasser, Leutwyler, Locher, Sainio 1988, Gasser, Leutwyler, Sainio 1991

— “canonical value” oy ~ 45MeV, based on KH80 input

@ GWU/SAID partial-wave analysis Pavan, Strakovsky, Workman, Arndt 2002

< much larger value o,y = (64 + 8) MeV

@ ChPT fits vary according to PWA input Fettes, MeiBner 2000

(same problem in different regularizations (w/ and w/o A) Alarcon et al. 2012)
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Status of the phenomenological determination of o,y

@ Karlsruhe/Helsinki partial-wave analysis KH80 Hahler et al. 1980s
— comprehensive analyticity constraints, old data

@ Formalism for the extraction of o,y via the Cheng—Dashen low-energy theorem

Gasser, Leutwyler, Locher, Sainio 1988, Gasser, Leutwyler, Sainio 1991
— “canonical value” oy ~ 45MeV, based on KH80 input
@ GWU/SAID partial-wave analysis Pavan, Strakovsky, Workman, Arndt 2002

< much larger value o,y = (64 + 8) MeV

@ ChPT fits vary according to PWA input Fettes, MeiBner 2000
(same problem in different regularizations (w/ and w/o A) Alarcon et al. 2012)
@ Our work: two new sources of information on low-energy =N scattering

@ Precision extraction of 7N scattering lengths from hadronic atoms
@ Roy-equation constraints: analyticity, unitarity, crossing symmetry
1506.04142,1510.06039
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o-term from Roy—Steiner analysis of pion—nucleon scattering

Error analysis

o.n=591£ 07 £+ 03 + 05 =+ 1.7 + 3.0 MeV
~— ~—~ ~—~ ~—~— N~~~
flat directions  matching  systematics  scattering lengths  low-energy theorem

=59.1 £ 3.5MeV

@ Crucial result: relation between o,y
and N scattering lengths

ooy =59.1MeV + ) c,sAa(/)s+
Is

@ Pionic atoms: 7~ p/d bound states

—_—s ———3p —3d

[ I S

width of mH

—a~ [10’3;\[;1}

= 1s
€1
'
I"‘*
I
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A new o-term puzzle

@ Recent lattice calculations of o

. width of mH <
@ BMW 1510.08013: ° \\ie\\\e}:l\uff\ti\f\;\D\\ ~ < \\\\\\\\\i\\\\\
oxn = 38(3)(3) MeV of level shift of L \\\\ . SNSRI
= N
@ xQCD 1511.09089: & <
h = sh _ QoD |
oon = 44.4(3.2)(4.5) MeV LR N N H
NN N N N
@ ETMC 1601.01624: T@ ST0P S SN \ ‘ \\\ N N
+0.99
oy = 87.22(2.57) ("4 53) MeV s gl |||||||||||||||||||||||||| Il i
® Rooo 1e0s0szr: . !I||!|||!||||||||||||||||\|||\||\
oxn = 35(6) MeV ETMC
-92 -90 -88 -86 -84 -82
@ Similar puzzle in lattice calculation of a” [1073M1]

K — 7 RBC/UKQCD 1505.07863, also 3o level

@ Both puzzles with profound implications for BSM searches:

scalar nucleon couplings, CP violation in Ko—Kp mixing
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A new o-term puzzle

0.2¢
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@ 7N: lattice calculation of a'/2, 2°/2

— test input for 7N scattering lengths
@ Preliminary BMW update from lattice 2016: 38(3)(3) MeV — 48.5(8.0) MeV
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Contact terms

@ Scalar source also suppressed for (NTN)?

— long-range contribution dominant (in Weinberg counting)
@ Typical size (5-10)%

— reflected by results for structure factors next talk by J. Menéndez

— more important in case of cancellations

@ Contact terms <> nuclear o-terms Beane et al. 2014
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Spin-2 and coupling to the energy-momentum tensor

@ Effective Lagrangian truncated at dim-7, but if WIMP heavy m, /A = O(1)
< heavy-WIMP EFT Hil, Solon 2012, 2014

1 o 1 ey Mg v o Guv - A AV
L= ﬁ{ > ng’xvulBUXEq(w{“:D) _ ?qg# )Q+ c;2>xwu18ux( Z G}, Gy — GQAG‘,A)}
q
— |leading order: nucleon pdfs

— similar two-body current as in scalar case, pion pdfs, EMC effect
@ Coupling of trace anomaly ¢/, to =m

L = IB v / /
0 =3 madq+ 522G G & (w(p)10,|7(R) = PPl + PP + G (M —p-P)
q s

— probes gluon Wilson coefficient CgS
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Conclusions

©

Chiral EFT for WIMP—nucleon scattering

©

Predicts hierarchy for corrections to leading coupling

©

Connects nuclear and hadronic scales

©

Nuclear matrix elements: tension between lattice and phenomenology for oy

©

Implementation into nuclear structure factors nexttalk by J. Menéndez
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